Recent advances in electron microscopy and image analysis techniques have resulted in the development of tomography, which makes possible the study of structures neither accessible to X-ray crystallography nor nuclear magnetic resonance. However, the use of tomography to study biological structures, ranging from 100 to 500 nm, requires developments in sample preparation and image analysis. Indeed, cryo-electron tomography present two major drawbacks: the low contrast of recorded images and the sample radiation damage. In the present work we have tested, on T4 bacteriophage samples, the use of a new preparation technique, cryo-negative staining (Adrian et al., 1998) , which reduces the radiation damage while preserving a high signal-to-noise ratio (De Carlo et al., 2002 ). Our results demonstrate that the combination of cryo-negative staining in tomography with standard cryo-microscopy and single particle analysis results in a methodological approach that could be useful in the study of biological structures ranging in the T4 bacteriophage size.
Introduction
Electron microscopy associated with computed-based image analysis techniques (Frank, 1992) has the capability to resolve the three-dimensional structure from the atomic scale, by electron crystallography (Nogales et al., 1998; Lowe et al., 2001 ), up to the cellular level by electron tomography. Electron tomography is a recent technique (Dierksen et al., 1992; Baumeister et al., 1999 ) that has provided unprecedent insight into the supramolecular organization of the cell. It has been used to resolve the 3D structure of important organelles such as kinetochores (McEwen et al., 2001) , Golgi (Ladinsky et al., 2002) and mitochondria (Mannella et al., 1994) . It has also allowed the analysis of biological process such as the binding of bacteriophages to their receptors (Böhm et al., 2001 ). Electron tomography is based on the acquisition of a small number of projections (100-200) of a single object, at different tilt-angles, in the electron microscope. These projections are aligned and combined to compute a 3D-reconstruction of the object. However, the exposition of the specimen to the electron beam during image recording could result in a radiation damage (Glaeser et Taylor, 1980) limiting the final resolution (Penzeck, 2002) . To solve this inconvenience, hardware, software and sample preparation techniques are presently in development (Koster et al., 1997) . Thus, high voltage microscopes (O'Toole et al., 1999) , and field emission gun microscopes (Kawasaki et al., 2000) are in expansion. Classification of volumes using neural-network algorithms (Pascual-Montano et al., 2002) , as well as the development of new segmentation techniques applied to tomograms (Frangakis and Hegerl, 2002; Volkmann, 2002) increase the resolution and facilitate the interpretation of volumes. Finally, sample preparation such as fast-freezing in liquid ethane (Dubochet et al., 1998) or high-pressure freezing and cryo-ultramicrotomy (Studer et al., 1989) preserve the structure and are now used in tomographic reconstructions (Medalia et al., 2002; Hsieh et al., 2002) . Nevertheless, the use in tomography of these preparation techniques is limited by the low signal-to-noise-ratio of the recorded images and by the sample radiation damage. In this context, cryo-negative staining (Adrian et al., 1998) has recently been demonstrated to be effective in protecting samples from irradiation while allowing a contrast enhancement of the images (De Carlo et al., 2002) . However, cryonegative staining has never been tested in cryo-tomography.
In the present work, we have tested the use of cryonegative staining to perform tomographic reconstructions using the bacteriophage T4 as test specimen. The resulting, 4.9 nm resolution reconstruction, demonstrates the feasibility of this approach. In addition, the use of this volume as a reference to determine the geometrical relationships of standard cryo-electron microscopy images has resulted in a final 3D reconstruction at 3.9 nm resolution. This reconstruction visualized several structures such as the central channel of the phage tail or the base plate. In conclusion, the use of cryo-negative staining in cryo-tomography, combined with standard frozen-hydrated sample preparation and single particle analysis, is a promising tool for structural analysis of supra-nanometric biological objects.
Results
We have tested three methods to compute 3D reconstructions of T4 bacteriophage: i) single particle analysis from standard cryo-microscopy images, ii) tomography from cryo-negatively stained samples and iii) a combination of these two methods. In this last case, the tomographic volume has been used as a reference to determine the geometric relationships of the standard cryo-microscopy images.
In the case of single particle and standard cryo-electron microscopy, 5380 image-pairs from fifty negatives of T4 bacteriophage were analyzed. The average image computed after the alignment of the untilted projections from each pair is shown in Fig. 1A . Despite the preservation of the head and neck shapes in this average image, the tail and base plates were not well resolved. Considering that loss of resolution could be related to heterogeneity of the projections, a classification based on tail and/or base-plate subimages is necessary to get homogeneous classes. While the classification based on tail sub-images did not generate any significant class, the classification based on the base-plate subimages resulted in two major classes representing 43% of the images set (Fig. 1B) . The first class evidenced the presence of three well-defined densities at the bottom of the base plate (Fig.  1B, top) while in the second class four densities were observed (Fig. 1B, bottom) . Thus, two independent volumes were computed from the 1080 and 1250 images belonging to each of the two major classes. Comparison of the volumes showed a cross-correlation coefficient maximum (0.81) when one of them was rotated on U=26.9394 h=-0.0116 and W=-6.9429 euler angles. The high value of the crosscorrelation coefficient allowed the merging of the two volumes in a reference reconstruction that has been used for angular assignment and refinement of the whole projections set. The final volume was filtered to the final estimated resolution corresponding to 6.9 nm (Fig. 2) . The sagittal planes of the filtered volume demonstrated a symmetrical distribution (Fig. 3A) indicating the absence of flattening. However, the loss of information at the tail and at the base plate levels was still present and, in addition, an important missing cone appeared as a double-triangular shape presented in each plane.
In the case of tomographical reconstruction, a first volume was computed from negatively stained bacteriophages to adapt the reconstruction software to specimens of bacteriophage size. The reconstruction obtained showed an asymmetrical distribution demonstrating the existence of a sample flattening (data not shown). This flattening could be pre- The FSC are represented with the following labels: water (standard cryomicroscopy and single particle approach); CN-stain (cryo-negatively stained samples and tomography); CNW (cryo-negatively stained samples and tomography to compute a reference volume and single particle analysis to compute the final reconstruction). The corrected 3r FSC criterion "FSC-crit" is also represented.
vented by the use of frozen hydrated techniques, such as the cryo-negative staining as depicted in the final cryonegatively stained volume computed at 4.8 nm resolution (Fig. 3B ). When this volume was used as reference to align the standard cryo-microscopy projections and to compute a volume, no flattening is evidenced (Fig. 3C ) and missing cone artefacts are not present. Thus, the resolution could reach 3.9 nm (Fig. 2) permitting the identification of new structural features of the bacteriophage: first, an internal channel (fill arrow in Fig. 3C ), closed at the two ends of the tail (arrow-heads in Fig. 3C ), was observed; second, details of the base plate were visualised (empty arrow in Fig. 3C ).
Discussion
Electron tomography is now a powerful technique for the structural analysis of resin embedded cellular structures. However, its use combined with cryo-microscopy in the study of biological objects, ranging from 100 to 500 nm is not common. This is mainly due to the radiation damage induced by the high number of images of a single object and to the low contrast. The present work has tested the potentialities of cryo-negative staining to study this type of objects on standard (120 KV, LaB 6 ) electron microscopes.
The classical approach to perform 3D reconstruction of nanometric biological objects is the single particle analysis combined to standard cryo-microsocpy (Frank, 1996) . This method requires: (i) to record tilted pairs from randomly distributed projections of different specimens corresponding to the same biochemical object; (ii) to classify the images in homogeneous groups and compute individual volumes from each class; (iii) to find the geometrical relationships that exist between the volumes before computing a reference volume and (iv) to use the projections of the reference volume to perform a refinement of the geometrical relationships that exist between the single images. When this approach is applied to the T4 bacteriophage, the average of the whole untilted image set demonstrates a preferential orientation on the electron microscopy grid, in which the phage is positioned horizontally along its major axis (Fig. 1A) . This orientation could be favored by the low thickness of the vitreous water required to get well-contrasted images of the phage which prevent an orientation of T4 with its major axis perpendicular to the grid. Nevertheless, the classification of the base-plates subimages (Fig. 1B) shows the existence of two different orientations suggesting that a rotation along the major axis of the phage exists on the grid. Thus, a reference volume could be calculated by merging the volumes computed from the two different orientations. Then, using the reference volume, an angular assignment of the whole image set could be performed to compute a final reconstruction. The reconstruction obtained by this method preserves the global shape of the bacteriophage but has a significant missing cone (Fig. 3A) . This missing cone is already present in the reference reconstruction because the euler angles relating the two volumes indicate that they are closely oriented in the space. Such an observation could explain the few details observable in the final rendering of the volume (Fig. 4A ). In addition, the resolution of this volume (Fig. 2) is very low. This low resolution is not generated by the method but derived from the absence of a sufficient number of projections in some orientations that originates an important missing cone.
An alternative to calculate 3D reconstructions is to use tomographic approaches on negatively stained samples. However, this alternative is not adequate for biological samples because negative staining induces sample flattening and does not preserve the specimens in a hydrated native state. Thus, the use of frozen-hydrated sample preparation is necessary, but this approach is limited by the sample radiation damage, especially when tomographic image recording is performed on standard low-voltage electron microscopes (120 KV, LaB 6 ). In this context, it was of interest to evaluate the use of new preparation techniques that protect samples against the radiation damage such as cryo-negative staining (De Carlo et al., 2002) . We have used this approach to generate sixteen independent tomographic volumes. These tomographic volumes present a missing of information, characteristic to tomographic reconstructions, because only angles in a limited tilt range (from -45 to +50°in our case) could be recorded. This lost of information could be compensated, in specimens such as T4 bacteriophage, by merging the reconstructions as demonstrated by the symmetrical distribution of the sagittal planes of the final tomographic reconstruction (Fig. 3B) . However, even if the resolution of this reconstruction is better than that of the volume computed from the single particle approach, the rendered volume does not shown details of the base plate or the tail structure (Fig.  4B) . A possible reason for these missing details could be the restricted number of volumes merged and their similar orientation in the space. In this context, tomographic cryonegative staining could be combined with volume classification of a large set of volumes (Pascual-Montano et al., 2002) . Another approach is to combine tomographic cryo-negative staining with standard cryo-microscopy and single particle analysis. Thus, we have used the 4.8 nm resolution cryonegative stained tomographic volume as a reference to assign the angles to the images obtained by standard cryo- Fig. 4 . Proposed approach for the reconstruction of biological objects ranging in the nm size (100 < size < 500 nm). (A) 3D reconstruction determined by standard cryo-electron microscopy and single particle analysis. (B) Merged volume computed by merging sixteen tomograms from cryo-negatively stained samples. (C) Final volume obtained by using the volume in B as reference to compute geometrical relationships of standard cryo-microscopy images. The base plate, the helical structure of the tail and the connection between tail and head are visible. microscopy ( Fig. 4) resulting in a 3.9 nm resolution (Fig. 2) reconstruction. Interestingly, the sagittal planes of the final volume (Fig. 3C ) reveal more details of the T4 structure that in any of the two previous cases (cryo-tomography or standard cryo-microscopy and single particle analysis). In particular the central tail channel is now observed, demonstrating that internal structures are accessible by this approach. In addition, the helical structure of the tail is visualised in the rendered volume as well as the detailed structure of the base plate (Fig. 4C) . It is important to note that the same set of cryo-microscopy images was used to compute the standard cryo-microscopy reconstruction and this 3.9 nm resolution volume. In addition, the effect of the missing cone does not appear in the 3.9 nm volume, suggesting that the use of a best reference volume results in a more efficient angular assignment that improves the resolution.
In conclusion, the results of the present work strongly suggest that the combination of cryo-negative staining and tomography together with standard cryo-microscopy and single particle analysis is a good approach to resolve the structure of biological structures such as the T4 bacteriophage. In addition, this approach can be extended, by correcting the contrast transfer function of the standard cryomicroscopic images, to improve the resolution of the final volume.
Materials and methods

T4 bacteriophage purification.
T4 bacteriophage was produced by infecting an Escherichia coli BL21(DE3) culture in the exponential growing phase (O.D. 420nm = 0.525) with an infection multiplicity factor of five. Four hours after infection, the total lysis of bacterial culture occurred. Then NaCl was added to 1M final concentration before centrifugation of the lysate at 19500g. Polyethylene glycol 6000 (Sigma) at 10% final concentration was added to the supernatant that was incubated over night at 4°C, before a second centrifugation at 135000g. The pellet was resuspended in a minimal volume of 10mM Tris-HCl pH 7.4, 50 mM NaCl, 5 mM MgCl 2 before performing a phase separation in the same volume of a 24:1 chloroform:isoamylic alcohol solution. The soluble phase, containing T4 bacteriophages was aliquoted and stored at 4°C.
Electron microscopy
Three different microscopy approaches were performed on T4 bacteriophage samples: negative staining with 1% uranyl acetate; standard cryo-microscopy (Dubochet et al. 1988 ) and cryo-negative staining (Adrian et al. 2002) . All cryo-microscopy preparations were done on holy-film grids and frozen on a Leika CPC station. Grids were observed in Philips CM120 or LEO 912X electron microscopes at nominal magnifications varying from 6000x to 17000x without using the energy filter. For standard cryo-electron microscopy, fifty tilted pairs (0°and 45°) of T4 bacteriophage sample were recorded on Kodak SO163 films using a lowdose system. Negatives were digitized using an Optronix P1000 drum densitometer with a 25µm window. For tomographic series, images were automatically recorded each 1°( between -45°and +50°) by using a Proscan 1K ssCCD. Microscope remote control scripts were developed for Analysis ® v3 software. All images were recorded at an accelerating voltage of 120 KV.
Image analysis
Three-dimensional reconstruction from standard frozen hydrated samples was performed using a single particle approach. Briefly, sub-images were windowed using Xmipp software (Marabini et al., 1996) and aligned using the PSPC algorithm before classification. Selforganizing mapping (SOM) for dimensionality reduction (Marabini and Carazo, 1994) and multivariate statistical analysis (van Heel and Frank, 1981; van Heel 1984) for map segmentation were performed to identify homogeneous groups of projections. Three-dimensional reconstruction from each class was computed using SPIDER software . Final reconstruction was calculated after volume merging and angular refinement (Penzeck et al., 1994) .
Tomographic reconstructions were computed using IMOD software for image-stacks pre-alignment (Kremer et al., 1996) and homemade programs. Briefly, sixteen substacks of images each containing a single T4 bacteriophage, were windowed from pre-aligned tomographic image-stacks. Each image belonging to a sub-stack was aligned by crosscorrelation to the preceding one before computing volumes using IMOD software (Kremer et al., 1996) . The sixteen three-dimensional reconstructions were rotationally aligned by using SPIDER and centered by crosscorrelation before merging in a final tomographic volume.
A last reconstruction was performed by using the cryonegative stained tomographic volume as a reference to align the standard cryo-microscopy images. The algorithm of angular refinement as implemented in SPIDER software (Penzeck et al., 1994) was used to compute the geometric relationships between images before compute a three dimensional reconstruction without symmetry imposition.
Resolution was assessed using Fourier shell correlation (FSC; Harauz and van Heel, 1986 ) using the 3r criterion (Orlova et al., 1997) as implemented in the SPIDER package. In the case of single particle approach for cryo-microscopy, two volumes were computed using, for each, half of the whole set of projections. In the case of the tomographic approach for cryo-negative staining, the two volumes needed to estimate the resolution were computed by merging half of the whole set of volumes for each. Final volumes were filtered at the computed resolution and rendered using eT-DIPS v2 software (Mullick et al., 1998) . Computing process was performed on a Silicon Graphics Octane2 computer.
